Abstract
Introduction
Autoregulation of cerebral blood flow normally is present through a wide range of mean arterial blood pressure maintaining constant cerebral perfusion in spite oftransient fluctuations in blood pressure. Loss of cerebrovascular autoregulation has been described in many studies of diseases of the central nervous system, including ischemia (1), hypoxia (2) , trauma (3) , and metabolic disturbances (4) , and has been suggested in one clinical study of patients with meningitis or encephalitis (5) . In addition to the importance ofintact autoregulation for provision of adequate substrate to brain tissue, increased brain blood flow may contribute to elevations in intracranial pressure by augmenting cerebral blood volume (6) . The present study was designed to determine ifcerebrovascular autoregulation is intact in meningitis and to examine the interrelationships between systemic blood pressure, cerebral blood flow, and increased intracranial pressure in this disease. P-23 XL; Gould Inc., Santa Clara, CA) and recorded on a multichannel polygraph (model 4; Grass Instrument Co., Quincy, MA). The transducers were calibrated before each experiment against a mercury-filled manometer.
Meningitis was induced by direct intracisternal injection of -I X l0 colony-forming units of Streptococcus pneumoniae, type III, obtained from a clinical isolate. Infection was confirmed by direct plating of spinal fluid on blood agar plates incubated for 24 h at 370C in 5% CO2.
Arterial blood gases were obtained at baseline conditions and during blood pressure manipulations, and were measured in a clinical blood gas laboratory.
Cerebral blood flow was determined by the radionuclide-labeled microsphere technique as described by Heymann et al. (8) . Microspheres, 15 glm in diameter and labeled with '53Gd, 5"Co, "141n, 51Cr, 113Sn, "5Sr, 95Nb, 54Mn, and 15Zn, were used. Approximately 1.5 X l0 microspheres were injected into the left ventricle over 30 s and flushed with 2 ml of saline. The reference blood sample was withdrawn with a pump (Harvard Apparatus Co., Inc., S. Natick, MA) from the femoral catheter beginning 15 s before the injection, and continuing for a total of 1.5 min at a rate of 2.1 ml/min. After all blood flow and physiologic studies were completed, rabbits were killed by injection ofa lethal dose of pentobarbital (150 mg/kg) and the brain was removed by dissection from the cranial vault. The brain was dissected into right and left hemispheres, brainstem, and cerebellum, and each tissue sample was weighed in tared tubes.
Calculation of blood flow was based on the formula
where RBF is the withdrawal rate of the reference arterial blood sample, Cx is counts per 100 g ofbrain tissues, and C,, is total counts in the reference arterial blood sample. The index of autoregulatory impairment (IAI) was calculated as (% CBF A/% MABP A), where CBF = cerebral blood flow (milliliters/minute per 100 g) and MABP = mean arterial blood pressure. Values > 1 were considered to indicate complete loss of autoregulation, values between 0 and 1 partial loss of autoregulation, and values < 0 normal autoregulation (9) . Experimental studies. Blood flow measurements were performed 16-20 h -after initial cisternal puncture in control and infected rabbits. Studies were conducted at baseline conditions, after blood pressure was increased with l-norepinephrine (0.5-2 gg/kg per min i.v.) or by inflation ofa balloon-tipped catheter in the distal aorta, and after blood pressure was lowered with sodium nitroprusside (0.8-1.6 mcg/kg per min) or hemorrhage (10-15 ml/kg) over 10 min. Rabbits were allowed to return to baseline physiologic values for 15 min after pharmacologic manipulation before the next study was performed. Data Table I . Arterial blood gas values were similar between the control and infected animals. Baseline values were pH 7.36±0.06, PAco, 32±9 torr, and PAo, 83±17 torr for controls and 7.37±0.05, 35±7, and 84±21 for infected animals. When blood pressure was elevated the values were 7.37±0.05, 30±6, and 99±32 for controls and 7.42±0.10, 30±10, and 94±26 for infected animals. When blood pressure was lowered the values were 7.32±0.11, 30±4, and 85±32 for controls and 7.39±0.04, 31±7, and 71±33 for infected animals. While these demonstrate mild hyperventilation with blood pressure manipulation, there were no significant differences between infected and control rabbits.
Autoregulation was qualitatively assessed in group 1 animals by constructing individual autoregulatory curves for each animal by serial blood pressure manipulation with multiple determinations. All infected animals and one control rabbit demonstrated loss of autoregulation at reduced blood pressure above the autoregulatory threshold. When blood pressure was further reduced below the lower limits of autoregulation, all infected and one control demonstrated reduced perfusion. With blood pressure elevation there was a progressive increase in blood flow in infected animals which was not observed in the controls; however, it was not possible to document the upper limit of autoregulation in this study due to drug toxicity or failure of mechanical means to sufficiently elevate blood pressure to that level.
Autoregulation was quantitatively assessed in group 2 by calculation of the IAI for each paired determination. Results for each tissue from control and infected rabbits are shown in Table II . When these rabbits were examined individually, 1 of 8 manipulations in control rabbits and 17 of 19 manipulations in infected rabbits showed an IAI of 2 1 in cerebral hemispheres. Similar results were found in brainstem (impaired autoregulation in 1 of & control and 15 of 19 infected rabbits) and cerebellum (impaired autoregulation in 2 of 8 control and 14 of 19 infected rabbits). The two determinations in infected rabbits where hemispheric autoregulation was not completely impaired were 0.83 and 0.97, demonstrating partial loss of autoregulation, whereas this was not observed in the uninfected control animals. Composite data (groups 1 and 2) depicting the relationship between blood pressure and cerebral hemispheric blood flow for both blood pressure elevation and reduction are presented in Figs. 1 and 2. With increased blood pressure, measurements in 15 of 15 infected and 3 of 8 control rabbits demonstrated increased blood flow. With reduced blood pressure, measurements in 11 of 11 infected and only 1 of 6 control rabbits showed reduction in blood flow at hypotensive levels that were above the autoregulatory threshold.
The influence of fluctuating arterial pressure on intracranial pressure was determined concomitantly in group 2 rab- IAIceIum, lAls, and IAIceretcum are IAI for cerebral hemispheres, brainstem, and cerebellum, respectively. P < 0.001 compared with control; t P < 0.005 compared with control; § P < 0.01 compared with control (unpaired t test). bits. Elevation of blood pressure was associated with a mean increase in intracranial pressure of 3.2±5.7 mmHg in infected rabbits (P < 0.05) but had no effect in uninfected controls (-0.6±1.3; P = NS). When blood pressure was reduced, mean intracranial pressure fell by -0.5±8.6 in infected (P < 0.05) and rose 0.3±1.5 in controls (P = NS). In 15 of 19 manipulations in infected rabbits intracranial pressure changes occurred in concert with the change in blood pressure, whereas parallel changes occurred in only 2 of 8 manipulations in controls. Bacterial meningitis is known to be associated with a number of physiologic disturbances of the central nervous system, including reduction in cerebral perfusion (5, 10), increased intracranial pressure (11), metabolic alterations (12) , and brain edema (11, 13) . Previous studies by Smith (10) have demonstrated decreased perfusion in monkeys infected with a pathogenic strain of Hemophilus influenzae compared with monkeys infected with a nonpathogenic strain. Studies by Paulson et al. (5) in human subjects with meningitis due to S. pneumoniae or Neisseria meningitidis, or encephalitis ofpresumed viral etiology, demonstrated reduction with S. pneumoniae or encephalitis. Regional cerebral blood flow was determined by 133Xe washout, and when blood pressure was elevated by angiotensin infusion, partial loss of autoregulation was demonstrated with S. pneumoniae and with encephalitis (IAI = 0.57), but not with N. meningitidis.
The present study demonstrates loss of cerebrovascular autoregulation in rabbits with meningitis in response to induced changes in blood pressure. This phenomenon was not observed in control rabbits, and was consistently observed whether pharmacologic or mechanical means were used to change blood pressure, indicating that the circulatory changes were not an artifact of the preparation or a result of the anesthetic agent or other drugs used to manipulate blood pressure. Although we noted variability in baseline blood flow in individual rabbits, what is notable is the consistent response observed in each infected animal to changes in blood pressure.
These alterations in cerebral blood flow do not seem to be due to changes in arterial CO2 concentration, which also influences cerebrovascular tone. Infected, hypertensive animals showed an increase in blood flow in spite of a reduction in PAco2, and decreased perfusion with hypotension at identical PAco, levels. Infected animals, excluding those measurements obtained below the lower limit of autoregulation, failed to maintain constant perfusion when blood pressure was manipulated from mean arterial blood pressure of 40-120 torr, a range where autoregulation has been previously noted to be present in this species (14) .
Autoregulation is the mechanism whereby organ blood flow is maintained at constant levels by changes in vascular resistance in response to changes in perfusion pressure. Cerebrovascular autoregulation occurs through dilatation or constriction of cerebral resistance vessels in response to alterations in cerebral perfusion pressure, either due to changes in mean arterial blood pressure or intracranial pressure. As autoregulation has been found to be impaired in a number of insults to the central nervous system, it is not surprising that it is disordered in meningitis; however, the implications are of critical importance in management of patients with meningitis. Impairment of the normal mechanism for matching perfusion with metabolic demand leaves the brain at risk for significant hypo-or hyperperfusion, both of which may have adverse consequences. While the effects of hypoperfusion are obvious, hyperperfusion may also have deleterious consequences. Lou (15) proposed that transient increases in cerebral blood flow in response to increased cerebral perfusion pressure might be in part responsible for subependymal hemorrhage in neonates, resulting from increased transmural pressure that is not buffered by the expected increase in cerebrovascular resistance. In addition, our observation that intracranial pressure increased with increased blood flow raises the possibility that cerebral blood volume may contribute significantly to intracranial hypertension in patients with meningitis. Intracranial pressure elevations in meningitis are not completely understood and may be due to increases in any intracranial component: cerebrospinal fluid (CSF), brain tissue water, or cerebral blood volume. Scheld et al. (16) demonstrated increased resistance to CSF outflow in meningitis, probably due to arachnoid membrane dysfunction (17) with diminished resorption of CSF through the arachnoid granulations. However, intracranial pressure elevations from increased CSF volume should occur gradually and would not explain the acute increases we observed in association with changes in blood pressure. Increased brain water content as a consequence of brain edema may also contribute; however, the studies of Tauber et al. (1 1) and others have demonstrated a dissociation between increased brain water content and increased intracranial pressure. In the studies by Tauber et al., dexamethasone and methylprednisolone reduced brain edema; however, only dexamethasone simultaneously reduced intracranial pressure. Similar results were obtained by Tureen et al. (18) , where indomethacin reduced brain edema but not intracranial pressure. These results suggest that pathophysiologic changes other than brain edema may have a role in intracranial hypertension in meningitis.
The present study demonstrates that transient changes in cerebral perfusion contribute to changes in intracranial pressure in meningitis. Infected animals showed intracranial pressure that changed in parallel with cerebral blood flow and this (20) supports the hypothesis that cerebral perfusion pressure is a critical determinant of both short-and long-term outcome. They found that low cerebral perfusion pressure was strongly correlated with death or neurologic injury. In that study, isolated intracranial pressure elevation when accompanied by a corresponding increase in mean arterial blood pressure which maintained cerebral perfusion pressure was not predictive pf poor outcome. On the other hand, a hypertensive episode may also be injurious if it causes a spike in intracranial pressure. With impaired autoregulation, blood pressure elevation leads to increased cerebral blood flow with resultant elevation of intracranial pressure, and intracranial hypertension in meningitis may result in cerebral herniation (21) .
These observations highlight the interrelationship between blood pressure, cerebral perfusion, and intracranial hypertension, and strongly support careful fluid management, intracra- 
